This research delivers a generic understanding of the design and integrated performance of the coatingsubstrate systems under impact loading, and comprehends the understanding of underpinning failure mechanisms. Repeated severe impacts to the coatings often result in poor performance by cracking and delamination from the coating-substrate interface. The durability of coatings thus depends on the choice of coating and substrate materials, coating deposition process, and service conditions. The design of thermal spray coatings thus requires an optimization of these parameters. This investigation provides insight into the role of coating and substrate properties on the impact resistance of coated materials, and maps the relationship between the impact resistance of WC cermet coatings on a variety of substrates. Results indicate that the delamination resistance of the coating during impact loading not only depends upon the hardness and roughness of the substrate material, but, more importantly, substrates with a higher work-hardening coefficient indicate a higher delamination resistance.
Introduction
The quest to explore new thermal spray markets and to consolidate the existing market share requires innovative developments in the field of spray gun design, the manufacturing of spray powders, and the optimization of spray process parameters. Due to the economical and environmental edge of thermal spray processes over other overlay-coating technologies, the development of high-impact-resistance thermal spray coatings can provide a niche by not only improving coating performance in existing industrial applications, but they also have enormous potential for use in novel high-stress applications. However, the performance of thermally sprayed components in existing and new novel industrial applications relies not only on the choice of coating material, deposition process, and parameters, but also on a range of other design considerations, such as service conditions, coating thickness, functional grading, and substrate properties. Among these, the designers often have little choice about the selection of substrate material, either due to their prespecification in industrial practices (e.g., aerospace, defense, or petroleum standards) or due to cost implications. Hence, it becomes critical to comprehend the integrated performance of a given coating material for a variety of substrates, such that the performance and underpinning failure mechanisms can be forecasted. With this in mind, this article reports on the results of a new generation of WC cermet coatings (WC-20%Cr 3 C 2 -10%Ni mechanically blended with 10%Ni) of improved impact resistance, and maps the influence of substrate properties on the impact resistance of the coating. It is perceived that these novel coatings of improved impact resistance will open new markets for the thermal spray industry while improving the performance of existing components (Ref 1). However, the aim of this investigation is not simply to report the achievements of improved performance, but to comprehend and combat the underpinning failure mechanisms.
Experimental Test Procedure

Coating Deposition
To benchmark the impact resistance of this new generation of WC cermet coatings, which is referred as W2011XJ in Table 1 , the results were compared with the state-of-the-art WC-12%Co
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S. Osawa and T. Itsukaichi, Fujime Inc., Thermal Spray Materials Dept., 82-28, Kakmihigashi-Machi-5, Kakmigahara, Gifu Pref. 509-0103, Japan; and R. Ahmed, Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, EH14 4AS, U.K. Contact e-mail: oosawas@fujimiinc.co.jp. coatings. The coating WC-12%Co is an agglomerated and sintered WC cermet powder with a small WC grain size (1 µm), which was commercially available. The W2011XJ is blended with agglomerated and sintered WC-20%Cr3C2-10%Ni powder with a larger WC grain size (5 µm) and atomized Ni powder with high purity. Both powders, which were manufactured by Fujimi Incorporated, (Gifu, Japan) were sprayed using a JP5000 process under the industrially optimized conditions specified in Table 1 . Scanning electron microscope (SEM) images of both the reference powder (WC-12%Co) and the W2011XJ powder are shown in Fig. 1 . These coatings were produced on a variety of steel substrates, the selection of which was based either on their cost implication or industrial usage, as listed in Table 2 . Prior to coating deposition, the substrate material was gritblasted using Al 2 O 3 abrasive particles of 16 mesh size (average diameter 1200 µm), 40 mesh size (average diameter 430 µm), and 220 mesh size (average diameter 65 µm), respectively, using air pressure of 0.4 MPa, at an angle of 90°, a blast distance of 100 mm, and a nozzle diameter of 7.0 mm. The surface roughness of the blasted substrates was measured by a surface roughness profiler using a stylus method. The mechanical hardness of the substrates was measured using the micro-Vickers hardness tester.
The coating thickness of all specimens was 100 µm.
Impact Testing
A schematic of the impact tester used in this investigation, which consists of a hopper to store and drop 500 steel balls of 9.5 mm diameter and 3.3 g weight, from a height of 1 m, and at an angle of 60°to the substrate material is shown in Fig. 2 . Although all balls are released simultaneously, the guide tube (inner diameter 29 mm) ensures a streamline flow of balls. This type of impact tester was selected for this investigation due to its simplicity and the reproducibility of results in ranking the relative performance of coatings. The experimental procedure comprises the dropping of a load of 500 balls on the coating surface and then repeating the procedure until coating failure is observed. The failure is defined when a delaminated area of more than 1 mm 2 was seen by visual observation. The test was conducted four times per specimen to avoid fluctuation and to investigate the reproducibility.
The repetition of dropping 500 balls is repeated until the observation of the failure. The number of the repetition time to failure is thus defined as the impact resistance of the coating (i.e., the number of impacts to failure). To reduce the test time, if no failure is observed after 300 impact cycles, a more severe procedure with bigger steel balls can be adapted. In the current investigation, tests were suspended if no failure was observed after 300 impact cycles.
Experimental Results
The impact resistance for the WC-12Co and W2011XJ coatings is shown in Fig. 3 , where the substrate is AISI1045 (annealed). These results also indicate the influence of blast material on the impact resistance of the coatings. The impact 
